lation mediates immunoregulatory cell traffic and function via a P2-receptor mechanism, we exercised 20 healthy volunteers before and after 7 days of treatment with either propranolol (nonselective 81/32-blocker) or metoprolol (selective 1,3-blocker). Specifically, we examined the effects of exercise and differential ,3-blockade on the number and subset distribution of circulating lymphocytes as well as functional parameters of cellular immunity such as mitogen-stimulated lymphocyte proliferation, natural killer cell activity, and interleukin-2 (IL-2) receptor expression.
Methods

Subjects
Twenty healthy volunteers (18 men, 2 women; age range, 24-43 years) without history of hypertension, diabetes, or coronary artery disease participated in the study after having given informed consent. The study protocol was approved by the University of California committee for investigations involving human subjects. Protocol
Fasting subjects lay supine for 20 minutes, and a venous blood sample was drawn. They then exercised to exhaustion on a treadmill according to the Bruce protocol. On completion of the treadmill test, the subjects 204 Circulation Vol 86, No 1 July 1992 immediately resumed the supine position, and another venous sample was drawn. A final sample was drawn 1 hour after completion of the treadmill. Twelve ECG leads were recorded during exercise and for 6 minutes afterward, and neither ST segment changes nor treadmill-induced angina was evidenced in any subject. A mercury sphygmomanometer and stethoscope were used at 3-minute intervals during and after exercise to measure arterial blood pressure. The double product (product of systolic blood pressure and heart rate) was calculated for each participant as a measure of cardiac output. Twelve of the volunteers were subsequently given the nonselective p-blocker propranolol (40 mg t.i.d.), and the remaining eight subjects took the f31-selective antagonist metoprolol (50 mg b.i.d.). After 1 week of treatment, they were again subjected to treadmill testing until exhaustion according to the above A. Data shown are mean+SEM. The significance of differences between groups was assessed by unpaired or paired t tests without correction for multiple comparisons. We report two-tailed probability values unless otherwise noted.
Results
Exercise Data
All subjects were exercised to exhaustion before and 1 week after administration of propranolol (40 mg t.i.d.) or metoprolol (50 mg b.i.d.). As can be seen in Table 2 , baseline exercise studies were similar in both groups. After 1 week of treatment with either medication, subjects did not suffer any impairment in their exercise capacity. As was expected, heart rate and blood pressure response were blunted similarly in both groups after treatment with medication. 
Catecholamines
Epinephrine and norepinephrine increased more than fivefold immediately after exercise and returned toward baseline 1 hour after exercise (Figure 1) . Treatment with metoprolol or propranolol did not lead to alteration in either basal or exercise-stimulated catecholamine levels.
Changes in Lymphocyte Subsets
Dynamic exhaustive exercise led to marked leukocytosis and lymphocytosis, manifested predominantly by a striking increase in circulating TS/C and natural killer cells, with only a modest increase in Th and B cells (Figures 2-6 ). The total number and distribution of lymphocytes returned to baseline 1 hour after exercise. As a consequence of this altered distribution of lymphocyte subsets immediately after exercise, the Thelper/suppressor (Thb,) ratio dropped dramatically ( Figure 6 ). These changes occurred in each subject. Contrary to the results with propranolol, treatment with the selective 31-adrenergic blocking agent metoprolol did not consistently attenuate exercise-induced alterations in circulating lymphocytes. In fact, pretreatment with metoprolol appeared to have the opposite effect to that of propranolol; that is, it enhanced exercise-induced increases in circulating lymphocytes (Figures 2-6 , right panels). Figure 7 summarizes the effects of /3-blockers on exercise-induced increases in circulating lymphocytes from baseline preexercise levels.
Natural Killer Cell Activity Natural killer cell activity was determined before, immediately after, and 1 hour after exercise using four E:T ratios. Figure 8 demonstrates lytic activity at an E : T ratio of 20:1. Results were similar for other target cell ratios. The increase in lytic activity seen immediately after exercise was significantly blunted when patients were pretreated with propranolol (p<0.01) but not with metoprolol.
Con A-Induced Lymphocyte [3H]Thymidine Uptake
Con A-induced [3H]thymidine uptake was assayed as a measure of cellular proliferation. Basal cellular proliferation (no mitogen), generally averaging less than 3% of peak Con A-stimulated values, did not change after exercise and was unaffected by treatment with either 13-blocking drug (data not shown). Figure 9 shows the effects of propranolol and metoprolol on peak thymidine uptake after exposure of lymphocytes to the T cell mitogen Con A. Exercise attenuated Con A-stimulated peak [3H]thymidine incorporation in each of 20 subjects. The mean reduction was 21.6±0.5% (p<O.OOOl by paired t test). The effect of the 3-blockade on exercise-induced decrements in lymphocyte proliferation, on the other hand, was not consistent with every individual. Treatment with propranolol blunted the inhibitory effects of exercise in eight of 12 subjects. Compared with baseline postexercise values, propranolol therapy led to a 24% increase in [3H]thymidine uptake. This finding was consistent at several doses of Con A, as shown in Figure 10 . Conversely, metoprolol treatment did not significantly affect lymphocyte proliferation, though there was a tendency for reduced [3H]thymidine incorporation before, immediately after, and 1 hour after exercise. duction of IL-2 and interferon, expression of IL-2 receptors, IgE-mediated histamine and slow-reacting substance of anaphylaxis release, as well as IL-1 production by monocytes.6,717 Patients with congestive heart failure, known to have markedly elevated circulating catecholamines, have altered natural killer and suppressor cell activity. '8"19 Lymphocyte traffic from peripheral lymphoid organs into the circulation may also be mediated via the adrenergic system through lymphocyte membrane 32-adrenergic receptors. Endogenous sympathetic activation via dynamic exercise3-5 or mental stress,4 as well as exogenous infusions of either epinephrine20 or isoproterenol,'5 dramatically increases the number of circulat- phenomenon. Propranolol, a nonselective f11/P2-antagonist, blunted the exercise-induced changes in circulating lymphocyte pools, whereas metoprolol, a /3-selective agent, either had no effect or tended to augment release. Both groups of subjects had similar suppression of heart rate before and after exercise with either agent, so our results cannot be attributed to a dosing discrepancy. Similarly, the drugs did not show differential effects upon exercise tolerance or exercise-induced release of norepinephrine and epinephrine. Thus, it appears that the differences between propranolol and metoprolol with respect to their effects on lymphocyte traffic after exercise is accounted for largely by propranolol's additional /2-blocking capabilities.
Other studies have also suggested that 3,2-adrenergic receptors influence lymphocyte migration. Acute administration of exogenous /3-adrenergic agonists such as isoproterenol15 and epinephrine20 but not the al,,l1-selective agent norepinephrine can mimic the subsetselective increases in circulating lymphocytes seen with dynamic exercise. We have also recently exercised a group of patients with congestive heart failure, in whom redistribution of circulating lymphocytes did not occur. In those particular subjects, basal levels of norepinephrine and epinephrine were increased. However, unlike the healthy individuals used in this study, postexercise epinephrine levels did not increase, whereas norepinephrine levels did, again supporting a 13-mediated mechanism for lymphocyte release into the circulation. alter peripheral blood natural killer cell cytotoxicity. Alternatively, suppression of natural killer cell activity after activation of the sympathetic nervous system may occur only in immunologic compartments, such as the spleen, in which direct noradrenergic innervation is present.0-32 The most plausible explanation for the discrepancy between ex vivo data and published in vitro data is that the enhanced cytotoxic response after exercise is related to a dramatic increase in circulating natural killer cells. Further studies using single-cell cytotoxicity assays need to be performed to accurately determine exercise-induced changes in the binding and kinetics of natural killer cell-directed cytolysis. Propranolol, but not metoprolol, attenuated exercise-induced enhancement of natural killer cell cytotoxicity, probably through its ability to suppress efflux of natural killer cells into the circulation.
In summary, we have demonstrated that acute dynamic exhaustive exercise in healthy volunteers leads to a marked lymphocytosis, predominantly of the T,1, and natural killer cell subtypes. These alterations in subset distribution are associated with decrements in lymphocyte function, as manifested by decreased Con A-stimulated lymphocyte activation and IL-2 receptor expression, and enhanced natural killer cell-directed cytotoxicity. These functional changes are most likely secondary to the changes in the relative numbers of the various lymphocyte subsets or changes in the function of certain subsets. Transient in nature, these parameters return to baseline after 1 hour of rest. 
